evidence of the association between anemia and risk of pD (parkinson's disease) have been accumulating. this study aimed to examine the relationship between anemia and risk of pD in Korean older adults. Korean adults aged 50 years or older who participated in the Korean National Screening program (n = 12,342,278) between 2009 and 2013 were followed until 2015. Cox proportional hazards regression models were used to calculate the hazard ratio (HR) of PD, and participants were followed for a mean period of 5.0 years. At the end of follow-up, 3,844 adults were diagnosed with PD. After adjusting for potential confounders, participants with anemia had decreased risk of pD compared to adults without anemia (adjusted HR (aHR) 0.894, 95% CI: 0.809-0.989). Furthermore, aHR of PD was 0.698 (95% CI: 0.546-0.891) in moderate to severe anemia and 0.938 (95% CI: 0.843-1.044) in mild anemia. The protective effect of anemia was also more profound in men (aHR 0.888, 95% CI: 0.774-1.02) than in women (aHR 0.905, 95% CI: 0.782-1.048). In conclusion, anemia was associated with lower risk of pD, particularly for patients with moderate to severe anemia. our study suggests that further studies may be needed to clarify the relationship between anemia and pD.
Parkinson's disease (PD) is the second most common neurodegenerative disease worldwide 1, 2 . The prevalence of PD was approximately 0.3% in the population aged over 40 years 1 . With increasing age, the prevalence of PD increases, and as the size of the aging population is rapidly increasing, the total number of PD patients is expected to increase over time 3 . The socioeconomic burden of PD is steadily increasing due to longevity and is estimated to be at least $14.4 billion a year in the United States 4, 5 . The medical expense per patient was twice as high for PD patients than for other patients 5, 6 .
No effective methods to prevent PD have been instituted since the pathogenesis of PD is not clearly understood. Moreover, results of previous studies concerning risk factors for PD have not been consistent. Therefore, further well-designed studies to reveal the risk factors for PD are a priority to prevent or delay development of PD. Some evidence suggest that anemia is potentially associated with development of PD, and results of previous studies concerning the relationship between anemia and PD have been controversial. A population-based cohort study using claims data in Taiwan demonstrated that newly diagnosed anemia increased the risk of PD 7 , and a previous case-control study in the U.S. showed that more patients in the PD group had anemia than patients in the control group 8 . However, another study found that increase in hemoglobin concentration in peripheral blood from <14 to ≥16 g/dL was associated with increased risk of PD in elderly men, and hemoglobin could serve as the most significant source of peripheral iron 9 . Concerning iron intake, one study reported that participants with high intake of iron had increased risk of PD, which is consistent with the idea that iron is a risk factor for PD 10 . However, a meta-analyses of 33 studies showed that iron levels in the blood and cerebrospinal fluid were not different between PD patients and healthy controls 11 .
To the best of our knowledge, a cohort study investigating the relationship between hemoglobin level and PD risk has not yet been conducted. Although case control studies studying this association have been carried out, there have been no cohort studies, especially in an Asian population 8 . In a recent cohort study conducted in Taiwan, anemia was not defined by hemoglobin levels but by diagnosis through claims data, which may create diagnostic limitations 7 . Anemia may have been under-diagnosed because hemoglobin levels of study subjects and severity of anemia were not examined. Also, well-known risk factors for PD, such as smoking and alcohol intake, were not adjusted for in the analysis.
Therefore, we aimed to study the relationship between hemoglobin level and development of PD in this longitudinal cohort study through a nationwide health screening program.
Results
Study participant characteristics. The demographics and comorbid diseases of study participants are shown in Table 1 . Among the total of 2,241,119 participants, 3,844 were diagnosed with PD. In the PD patient group, the mean age was 64.75 ± 8.35 years. Patients with PD were older, had lower proportions of smokers and regular drinkers, and had a lower rate of regular physical activity. In addition, participants with PD had higher rates of hypertension and diabetes and had lower GFR than the non-PD group. The baseline characteristics of subjects with and without anemia are also provided in Supplementary Table S1 .
Association of anemia and pD. The enrolled study participants were followed for a mean period of 5.0 years. The incidence rates of PD in participants with anemia and without anemia were 0.328 and 0.411 per 1,000 person-years, respectively. The adjusted hazard ratio (aHR) of PD for the participants with anemia was 0.894 (95% confidence interval (CI): 0.809-0.989), shown in Table 2 . Sensitivity analysis performed using the propensity score matching algorithm yielded similar results (overall aHR 0.891, 95% CI 0.798-0.996) ( Supplementary  Table S2 ). Competing risk analysis also showed similar results for PD risk in anemic subjects ( Supplementary  Table S3 ). When analyzed by anemia severity, lower hemoglobin level was associated with lower risk of PD. The incidence rates of PD in participants with mild anemia and moderate to severe anemia were 0.446 and 0.281 per 1,000 person-years, respectively. The aHR was 0.938 (95% CI: 0.843-1.044) for the mild anemia group and 0.698 (95% CI: 0.546-0.891) for the moderate to severe anemia group ( Table 3) .
The protective effect of anemia against PD was more prominent in men than in women ( Table 2 ). The incidence rate of PD in men with anemia and without anemia was 0.334 and 0.530 per 1,000 person-years, respectively. The adjusted HR of PD in anemic men was 0.888 (95% CI: 0.774-1.02). In women, the incidence rate of PD was 0.316 for participants without anemia and 0.330 for those with anemia, with an aHR of 0.905 in anemic patients (95% CI: 0.782-1.048). A similar pattern was observed when data was analyzed according to severity of anemia in both sex groups (Table 3 ). In men, the aHR was 0.889 (95% CI: 0.769-1.027) for the mild anemia group and 0.883 (95% CI: 0.589-1.323) for the moderate to severe anemia group. In women, the aHR was 1.004 (95% CI: 0.855-1.179) for the mild anemia group and 0.642 (95% CI: 0.472-0.872) for the moderate to severe anemia group (Table 3) . Other factors associated with risk of PD were older age, male sex, smoking, and alcohol consumption ( Table 4 ).
Discussion
This is the first study to investigate the relationship between hemoglobin level and risk of PD in the Korean population. We found that low hemoglobin level was negatively associated with risk of developing PD, especially in male and moderate-to-severe anemia groups. The strengths of this study include: 1) use of a large sample, representing the general population, which identified a sufficient number of patients with PD and 2) use of the definition of anemia based on hemoglobin level.
The mechanisms underlying the association between anemia and PD is expected to be complicated and not fully understood. The neuronal degeneration in PD is mediated by either apoptosis or necrosis 12 . Neurons in the substantia nigra tend to undergo apoptosis more frequently in the brains of PD patients than in normal brains 13 . While the exact mechanism of the degeneration of dopaminergic neurons in PD is not fully elucidated, several possible mechanisms suggesting anemia as a protective factor against PD can be proposed. First, oxidative stress and iron metabolism are hypothesized as possible mechanisms leading to dopaminergic neuronal death in the CNS 14, 15 . Iron is the most abundant metal in the adult brain 16 , and it accumulates in neurons of the substantia nigra in PD patients 17, 18 . Iron is involved in the reactive oxygen species (ROS) system, leading to free radical and oxidative damage to neurons [19] [20] [21] . This explanation postulates that overproduced reactive oxygen/nitrogen species can cause neurodegeneration 20, 21 . Free radicals attack cell membrane lipids, leading to lipid peroxidation, which has been found to be increased in both the substantia nigra and red blood cells of PD patients 22 . Reactive species act as the catalyst for mitochondrial dysfunction, as well as alpha-synuclein misfolding, aggregation, and accumulation 23, 24 . Moreover, iron itself can cause toxicity to neurons and may be the key factor for the association of anemia and PD. CSF ferritin level was elevated in PD patients and decreased upon treatment with an iron chelator, improving symptoms of PD 22 . In addition, evidence suggests that free iron boosts alpha synuclein aggregation in the substantia nigra 25, 26 . Therefore, this study supports the hypothesis that elevated iron level is toxic to neurons in the substantia nigra. Also, alpha-synuclein, one of the most important proteins in the pathogenesis of PD, may be associated with anemia. An insoluble aggregate of alpha-synuclein is a major component of the Lewy body, an intracellular inclusion that is the hallmark of PD 27 . More than 99% of alpha-synuclein in human blood exists inside the blood cells, mostly in red blood cells; but alpha-synuclein's functions in hematopoiesis and immune reactions are unknown 28, 29 . Erythrocytes secrete alpha-synuclein into plasma, but the significance of this is unknown. The total amount of alpha-synuclein in blood plasma in PD patients was not different from that of those without PD 30 . The distribution of alpha-synuclein in red blood cells in PD patients is different from control groups 31 . Although the molecular mechanism of alpha-synuclein regulation in blood cells and neurons is not known, anemia and PD may be associated by alpha-synuclein. Decreased alpha-synuclein in the red blood cells of anemic subjects may result in decreased secreted alpha-synuclein; therefore the amount of alpha-synuclein undergoing pathologic change will be decreased 30 . Further study is needed to investigate the roles of alpha-synuclein in anemia and PD.
One notable finding was the sex difference in the association between anemia and PD, with stronger association in males than females. Some epidemiologic studies were conducted to investigate the difference in incidence or prevalence of PD between sexes, and men had higher incidence and prevalence of PD than women 2, 32 . In our study, low hemoglobin level decreased the risk of PD to a larger degree in men than in women. Iron may play a more important role in the pathogenesis of PD in men, or men may be more vulnerable to iron accumulation in the substantia nigra than women. More research on the etiology of PD is needed to clarify the reasons why (1) PD is more frequent in men and (2) anemia lowers the risk of PD more in men than in women. Our study is contrary to several previous studies studying the association between anemia and PD 8, 33 , including a recent large-scale study in Taiwan, which showed a positive association between diagnosis of iron-deficiency anemia (IDA) and PD 7 . In the Taiwanese study, the claim code of IDA, iron supplementation therapy, was used as exposure. Iron supplementation itself or changes in iron level may have contributed to the development of PD in this population. In addition, unlike the mentioned study, our study accessed demographic and social information of subjects and adjusted for well-known risk factors, such as alcohol consumption and smoking, which were not adjusted for in the mentioned study.
Interestingly, our study found that smoking and drinking were associated with lower risk of PD. However, there is numerous evidence on the inverse association between smoking and PD, which is stronger for current than former smokers compared to non-smokers 34, 35 . A European population-based prospective cohort study also demonstrated that current smokers had lower risk of PD than former smokers compared to non-smokers, and a strong dose-response relationship was also found 36 . Substances in tobacco such as 2,3,6-trimethyl-1,4-nap hthoquinone and nicotine itself have been suggested to affect dopamine metabolism and activity in the brain 37, 38 . Meanwhile, previous research on alcohol and PD risk have been inconsistent. However, a recent meta-analysis suggested an inverse association between drinking and PD, which was supported by case-control studies but not clear in prospective studies 39 . Another meta-analysis of longitudinal studies also suggested lower PD risk in drinkers compared with non-drinkers 40 , which was thought to be consistent with the elevating effects of alcohol on urate levels 41, 42 .
Our study has several limitations. The level of hemoglobin at the time of NHSP examination was used to assess the presence and severity of anemia, and we could not eliminate the factor of iron replacement at the time of examination. For this reason, some of the participants who temporarily had normal hemoglobin level could have been misclassified into the non-anemic group. Thus, the incidence of PD in the non-anemic group may have been underestimated. Moreover, we were unable to clarify the effect of iron replacement therapy itself on the risk of PD. Another limitation is that we were unable to define the physiological onset of anemia, because hemoglobin levels were defined only at inclusion of the study. Because the reliability of PD diagnosis was also one of our concerns, we used the registration of the NHIS, which needs confirmation of healthcare providers to verify the validity of diagnosis. Due to strict classification of PD patients, those who were not registered in this system may have been misclassified to the control group. The probability of misclassification was the same in both groups, which may have led to underestimation of the protective effect of low hemoglobin levels. Another possible limitation is reverse causation. However, results in our sensitivity analysis of 2-year lag time were consistent with our main findings ( Supplementary Tables S4 and S5 ). Finally, this study lacks information on some confounding factors that may affect the incidence of PD. These include occupational history, coffee or caffeine intake, history of exposure to toxic molecules including pesticides, living environments, and the use of well water, which we could not adjust for in this study.
In conclusion, we demonstrated that lower hemoglobin levels decreased the risk of PD. The protective effect of anemia was stronger in men than in women. The association of anemia and development of PD could be explained by oxidative stress, alpha-synucleinopathy, and dysregulation of iron homeostasis. Further study is needed to clarify the mechanisms underlying the association of anemia and risk of PD.
Methods
Study design and participants. The Korean National Health Insurance (KNHI) is a compulsory insurance program that covers most of the healthcare services conducted in Korea. KNHI also operates a National Health Screening Program (NHSP) for members aged 40 years and older. All members undergoing the NHSP are required to complete a self-reported questionnaire and routine examinations, including blood test and chest X-ray 43 .
This study used National Health Insurance Service (NHIS) data. We extracted medical claims and demographic information from the NHIS data, including age, sex, monthly insurance premium (proxy for household income level), and disease codes using the medical diagnosis of International Classification of Disease, 10 th revision, ICD-10. We also extracted health screening data, including lifestyle information (smoking, alcohol consumption, and physical activity), laboratory test results, and physical exam information such as weight and height.
This retrospective cohort study was conducted using data collected between 2009 and 2015. We used data beginning in 2009 because serum creatinine level was first included in routine blood tests of the NHSP at that time. The study cohort consisted of all Korean adults aged 50 years or older who had undergone the NHSP (n = 12,342,278) between 2009 and 2013. Participants previously diagnosed with PD (n = 37,767) and those who had glomerular filtration rate (GFR) less than 30 mL/min (n = 57,408) were excluded. Because the objective of this study was to clarify the relationship between anemia, especially iron-related anemia, and PD, we excluded participants whose decreased renal function may affect both iron-metabolism and development of PD [44] [45] [46] . Study participants with any diseases or medical conditions that increase PD risk were further excluded. We excluded participants who had (1) hereditary and degenerative disease of the central nervous system other than PD (ICD-10: G10~G14, G23~G26, G30~G32, G35~G37, G40~G47, G50~G59, G60~G64, G70~G73, G80~G83, and G90~G99) (n = 6,995,947), (2) psychiatric disorders (ICD-10: F00~F99) (n = 1,735,136), (3) traumatic brain injury (ICD-10: S02, S06, and S07~S09) (n = 1,179,311), and (4) cerebrovascular diseases (ICD-10: I60~I69) (n = 71,793). Participants with diseases or medical conditions likely to cause anemia were also excluded. Participants who were diagnosed with aplastic anemia or hemolytic anemia (ICD-10: D55~D59, D61) (n = 1,732), Scientific RepoRtS | (2020) 10:4268 | https://doi.org/10.1038/s41598-020-61153-5
www.nature.com/scientificreports www.nature.com/scientificreports/ hematologic malignancy, or other blood disorders (ICD-10: C81~C85, C88, C90~C96, D46, D70~D77) (n = 316) were excluded. Finally, study participants with missing data were excluded. As a result, a total of 2,241,119 Korean adults were included in this study (Fig. 1) .
The Institutional Review Board (IRB) of Samsung Medical Center approved this study (IRB file No. 2017-05-142) and waived the need for informed consent from the study participants as part of the study approval, because of the anonymity of the data retrieved from the NHIS database. All study methods were performed according to the guidelines approved by the Institutional Review Board of Samsung Medical Center, in accordance with the ethical standards in the 1964 Declaration of Helsinki and its later amendments.
Definition of anemia.
Anemia was defined through a one-time result obtained at the baseline health screening examinations. We used the anemia definition of the World Health Organization (WHO): hemoglobin level <13 g/dL for men and <12 g/dL for women. Anemia was categorized by severity as mild (Hb ≥ 11 g/dL) and moderate to severe (Hb < 11 g/dL).
Main outcome.
The main outcome of this study was PD incidence. We used ICD-10 codes to identify diagnosis of PD through diagnosis in medical expense claims (ICD-10 code G20) for both outpatient visits and hospitalizations. To ensure the validity of PD diagnosis, we used also used the registry system for rare intractable diseases (RIDs) in the KNHI. Enrollment in this system reduces patient expenses when requiring long-term and expensive treatment, and registration requires confirmation of diagnosis by a physician. Patients with proven PD diagnosis can be registered in this system, and usually neurologists or primary care physicians who have examined the patient issue the required certification of PD diagnosis. Therefore, we identified new PD onset through claims data with ICD-10 code for PD (G20) confirmed by the RID registration code (V124). This method has also been used in previous epidemiologic studies on PD based on the Korean population, and is regarded to be reasonably accurate 47 . Follow-up time was calculated as time from beginning of the study to the diagnosis of PD, death, or the final day of study.
Measurements. Physical measurements and serum biochemical parameters were measured by trained staff through standardized protocols. GFR was calculated via the Modification of Diet in Renal Disease (MDRD) equation. Body mass index (BMI) was calculated as weight divided by squared height (kg/m2) and was categorized into three groups according to Asian obesity criteria: underweight (BMI < 18.5 kg/m2), normal to overweight 
